Measurement of rheological properties of soft biological tissue with a novel torsional resonator device by Valtorta, Davide & Mazza, Edoardo
Introduction
The identiﬁcation of the mechanical properties of soft
biological tissues is essential to a number of medical
applications, such as for diagnostic purposes, surgery
planning and training of surgical procedures with virtual
reality-based simulators (Avis 2000; Greenleaf et al.
2003; Picinbono et al. 2002; Szekely 2003)
Diﬀerent approaches have been proposed for quasi-
static and dynamic testing of soft biological tissue.
Quasi-static experiments typically provide information
on the nonlinear viscoelastic response for large defor-
mations at low-deformation rates, which is useful for
prediction of organ deformations under physiological
loads or simulation of surgical procedures. A number of
diﬀerent procedures for quasi-static tissue testing have
been recently developed. They are based on indentation,
aspiration or shear testing (Hendriks et al. 2003; Kauer
et al. 2002; Miller et al. 2000; Nava et al. 2004; Ottens-
meyer 2002; Zheng and Mak 1996)
Dynamic testing at higher strain rates provides
additional information on the constitutive behavior of
the tissue, with applications in diagnostics and trauma
research (Snedeker et al. 2005). Methods for dynami-
cally testing soft biological materials range from stan-
dard rheometers operating at 0.01 to 10 Hz (Liu and
Bilston 2000; Nasseri et al. 2002), to devices suitable for
characterization up to 350 Hz (Arbogast et al. 1997).
Techniques suitable for in vivo measurements oﬀer the
great advantage of a characterization in the natural
biochemical environment with blood supply and hor-
mone stimuli, which inﬂuence the mechanical properties
of the tissue in a signiﬁcant way. In the work of Kruse
et al. (2000), Manduca et al. (2001), porcine tissues were
tested ex vivo and in vivo from 50 to 300 Hz. Rotary
shear tests have been proposed for in vivo tests by
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Abstract A new device for measur-
ing the rheological properties of soft
biological tissues is presented. The
mechanical response is characterized
for harmonic shear deformations at
high frequencies (up to 10 kHz) and
small strains (up to 0.2%). Experi-
ments are performed using a cylin-
drical rod excited to torsional
resonance. One extremity of the rod
is in contact with the soft tissue and
adherence is ensured by vacuum
clamping. The damping characteris-
tics and the resonance frequency of
the vibrating system are inferred
from the control variables of a phase
stabilization loop. Due to the con-
tact with the soft tissue, and
depending on the rheological prop-
erties of the tissue, changes occur in
the Q-factor and in the resonance
frequency of the system. The shear
modulus of the soft tissue is deter-
mined from the experimental results
with an analytical model. The reli-
ability of the proposed technique is
evaluated through repeatability tests
and comparative measurements with
synthetic materials. The results of
measurements on bovine organs
demonstrate the suitability of the
experimental procedure for the
characterization of biological tissues
and provide some insight in their
rheological properties at frequencies
in the range 1–10 kHz.
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Kalanovic et al. (2003) for the low-frequency range (up
to 20 Hz).
A novel method for dynamic testing of soft tissues is
presented in this paper. The mechanical properties are
derived from the material response to harmonic shear at
high frequencies (1–10 kHz) and small strains (up to
0.2%). The experimental set-up consists of a cylindrical
rod excited to torsional resonance. One extremity of the
rod adheres to a tissue sample so that the dynamic
behavior of the system rod + tissue depends on the
rheological properties of the tissue sample.
Use of oscillating probes for the characterization of
the rheological properties at high frequencies has been
previously proposed for ﬂuid ﬁlms by Sayir et al. (1995)
and Romoscanu et al. (2003). There, the dynamic
behavior of the system oscillator + ﬂuid ﬁlm in the
Fig. 1 Torsional Resonator
Device (TRD): photograph
(above) and sketch (below)
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vicinity of its resonance frequency are precisely charac-
terized from the phase curve of the system transfer
function using a phase locked loop algorithm. A
mechanical model allows determining the complex vis-
cosity of the ﬂuid from the resonance frequency and the
damping characteristics of the resonator. Here, we use the
same measurement principle for characterizing the com-
plex shear modulus of soft biological tissue, using a novel
torsional resonator device (TRD). Complex shear mod-
ulus is derived from the experimental results using the
analytical model of a torsional radiating source on a
semi-inﬁnite space (Sagoci 1944; Sneddon 1966; Robert-
son 1967; Dorn 1980). Thereby, the soft tissue is modeled
as linear viscoelastic, homogenous and isotropic.
The present non-destructive technique is designed for
in vivo application and complements our quasi-static
tissue characterization with aspiration experiments
(Nava et al. 2003). The measurement is fast and, due to
the small contact area, a local characterization is
achieved. A mapping procedure and reference tables
enable very fast (almost ‘‘on-line’’) determination of
material parameters. Our technique does not require
speciﬁc sample preparation, can be applied to samples of
virtually arbitrary shape and uses simple, portable and
inexpensive components. These characteristics make it
attractive not only for characterization of biological
tissues but also for soft synthetic materials.
The experimental set-up is presented here along with
the analytical model for material parameters evaluation.
The procedure is validated with measurements on soft
synthetic materials, for which viscoelastic properties
were also measured with wave propagation experiments.
Results of measurements on bovine soft organs (liver,
kidney, uterus) are reported and the characteristics of
this new technique are discussed.
Experiment
The Torsional Resonator Device, Fig. 1, consists of a
cylinder made of brass. It is excited around one of the
ﬁrst ﬁve torsional eigenfrequencies (in the range of 1–
10 kHz) by an electromagnetic transducer, while a sec-
ond electromagnetic transducer is used as sensor for
measuring the motion. The cylinder is clamped at one
extremity with a decoupling mass. The other extremity is
free for the so-called ‘‘calibration run’’, and is in contact
with the tissue sample for the ‘‘measurement run’’. The
tissue sample lays on a balance, used for ensuring that
no axial forces are exerted on the tissue (resolution
10)1 mN).
Equation 1 deﬁnes the complex transfer function of
the system T*(f) (being f frequency) as the ratio between
the resulting motion of the tube h(f, t)=h0
*ej2pft and the
exciting torque M(f, t)=M0
*ej2pft:
T ðf Þ ¼ hðf ; tÞ
Mðf ; tÞ ð1Þ
Signiﬁcant changes in the dynamic behavior of the
vibrating system occur as the free end of the resonator
adheres to the soft material. Figure 2 shows the typical
transfer function of the system, vibrating at resonance
during a calibration run and a measurement run. Two
parameters, that can be evaluated from the phase curve
(Arg(T*( f )), characterize the dynamic behavior of the
system: the resonance frequency fres, and the quality
factor Q. The quality factor is deﬁned in Eq. 2 and is
proportional to the ratio of maximum potential energy
stored in the vibrating structure Um and the energy loss
due to damping in one vibration period D:
Q ¼ 2pUm
D
ð2Þ
Q can be determined from the phase curve in the vicinity
of resonance (Bert 1973; Bishop and Johnson 1979), as
in Eq. 3
Q ¼ fres
df
ð3Þ
df ¼ fþ / ¼ p
2
þ p
4
 
 f / ¼ p
2
 p
4
 
ð4Þ
where the two measured frequencies f+ and f) (see
Fig. 2) correspond to a phase shift diﬀerence
D / = ±p/4 with respect to the resonance frequency fres
(where /=p/2). The damping characteristic (df ) and the
resonance frequency (fres) are inferred from the control
variables of a phase stabilization loop, using a technique
employed in viscosimetry by Sayir et al. (1995) and
Romoscanu et al. (2003). Figure 3 illustrates the phase
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Fig. 2 Transfer functions of the vibrating system. Comparison
between a calibration run (TRD in air) and a measurement run
(TRD in contact with tissue)
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locked loop algorithm: the excitation frequency is ad-
justed (using a PI controller) in two subsequent steps in
order to achieve the prescribed phase diﬀerence between
excitation and motion around resonance (p/2+p/4 and
p/2)p/4). The damping characteristics (df ) is determined
from the corresponding values of excitation frequency as
in Eq. 4, and the Q factor is calculated according to
Eq. 3. The control loop allows stabilizing the system so
to ensure high accuracy in the determination of fres and
df (Sayir et al. 1995).
The Q factor of the calibration run is typically in the
range of 30,000, corresponding to a system with very low
damping, whereas the measurement run typically
exhibits Q factors lower than 3,000. For the evaluation
of the rheological properties of the tissue sample the
speciﬁc damping of the torsional resonator is therefore
neglected. The experimental results used for the evalu-
ation of tissue properties are: (1) the change in resonance
frequency between calibration and measurement run
Dfres, and (2) the quality factor Q from the measurement
run.
The contact area with the material sample (Fig. 4) at
the lower extremity of the resonator has a radius
R=2.55 mm. Since perfect adherence will be assumed in
the analytical model for parameter extraction, any slid-
ing between the resonator and the soft tissue sample
must be avoided. Therefore, a single crystal silicon disc
with micro-openings, as shown in Fig. 4, is bonded at
the extremity of the resonator. The disc has been man-
ufactured from silicon wafers using high-precision mi-
crofabrication technologies. The cylinder is indeed a
tube with controllable internal pressure. By evacuating
the internal volume of the tube, adherence between
resonator and soft tissues is obtained (vacuum clamp-
ing).
Due to the small dimensions of the disc openings
(width = 30 lm, Fig. 4) and the low underpressure
applied in the tube (0.2 bar absolute pressure) no dam-
age occurs in the tissue as a consequence of vacuum
clamping. Absence of bleeding, lacerations and abra-
sions were veriﬁed by visual inspection after testing
biological tissue samples. The vibration amplitude is
kept below 0.001 rad, therefore limiting the shear strains
to cmax<0.2%, for the materials and range of fre-
quencies considered here. In agreement with the results
found by Liu and Bilston (2000) and Nasseri et al.
(2002), at this strain amplitude tissue response is as-
sumed to be linear viscoelastic.
A typical experimental procedure with TRD consists
of the following steps: (1) a calibration run is performed;
(2) the resonator is put in contact with the material
sample, and the internal pressure of the tube is de-
creased; (3) a measurement run is performed. The whole
procedure takes approximately 1 min, and can be re-
peated for the ﬁrst ﬁve torsional eigenfrequencies of the
resonator. At the characteristic frequencies of these
experiments, the observation time leads to several
thousand oscillations periods, so that a steady harmonic
response state is reached in the system.
Analytical model
Characterization of the rheological properties of a tis-
sue, in terms of frequency dependent complex shear
modulus or complex viscosity, can be obtained from
this experiment only for homogeneous and isotropic
tissues. In fact, inhomogeneities (e.g., a layered tissue)
or anisotropy (in the plane of the tissue surface and
perpendicular to it) lead to a larger number of material
and geometry parameters which cannot be uniquely
determined from the two experimental data Dfres and
Q.
An analytical model is presented here to link the
frequency dependent complex shear modulus (consisting
of two components: storage and loss modulus) to the
experimental data Dfres and Q. With reference to Fig. 5,
the tissue is modeled as a semi-inﬁnite viscoelastic space.
A cylindrical coordinate system (r, u, z) is used. The
torsional resonator is in contact with the tissue surface,
vibrates around the z-axis and excites shear waves with
displacement in the r-u plane (SH-waves) in the tissue.
Linear viscoelasticity is assumed to describe the tissue
behavior in shear deformation:
sðtÞ ¼ Gð0Þ þ
Z1
0
ejxs _GðsÞds
0
@
1
A  cðtÞ ¼ GcðtÞ ð5Þ
cðtÞ ¼ c0ejxt ð6Þ
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Fig. 3 Phase stabilization algorithm
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G ¼ G1 þ jG2 ¼ jGjejd; d ¼ arctanG2G1 ð7Þ
where s(t) and c(t) represent the shear stress and strains,
respectively, and x is the angular frequency of their
harmonic time function. G* is the complex shear mod-
ulus of the material, with the real and imaginary com-
ponents G1 and G2, called respectively storage and loss
shear modulus. In the equivalent exponential notation,
|G*| represents the moduli and d the phase. Due to the
kinematic boundary condition at the tissue surface, the
displacement vector ﬁeld in the half space can be
described as in Eq. 8, thus reducing to the azimuthal
component uu only:
u ¼ urr^ þ uuu^ þ uzz^ ¼ uuu^ ¼ uuðr; z; tÞu^; ur ¼ uz ¼ 0
ð8Þ
Considering from now on, for simplicity, the displace-
ment uu=u and assuming a time-harmonic displacement
u(r, z, t)=u(r, z)e jxt, the equations of linear momentum
and the kinematic relations lead here to the SH-wave
equation in a viscoelastic half space (Eq. 9), where cSH
identiﬁes the complex shear wave speed in the material
of density q:
@2u
@z2
þ @
@r
1
r
@ðruÞ
@r
 
þ x
2
c2SH
u ¼ 0; c2SH ¼
G
q
ð9Þ
The problem of a torsional radiating source on a
viscoelastic half space, ﬁrst studied by Reissner and
Sagoci (1944), then treated also by Sneddon (1966) and
Robertson (1967), can be solved by specifying either a
stress distribution or a displacement ﬁeld in the contact
area of radius R, as shown in Fig. 5. In this study, we
assume perfect adherence in the contact region, which is
obtained experimentally by vacuum clamping, so that
the boundary conditions are:
ujz¼0 ¼ h0rejxt for 0\r  R ð10Þ
suzjz¼0 ¼ 0 for r > R ð11Þ
which identify a linear displacement ﬁeld in the contact
area and a stress-free surface outside the contact area.
The solution of this boundary value problem with
mixed (kinematic and kinetic) boundary conditions can
Fig. 4 A disc with micro-open-
ings is bonded at the lower
extremity of the TRD: this
ensures adherence through
vacuum clamping
Fig. 5 Half-space model of the tissue with cylindrical coordinate
system
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be obtained using the method described by Dorn
(1980). The problem is solved here with a dimensionless
approach (the subscript 0 indicates dimensionless
quantities), dividing all distances by the radius R of the
contact area. Equation 9 is rewritten in the following
form:
@2u0
@z20
þ @
@r0
1
r0
@ðru0Þ
@r0
 
þ k20u0 ¼ 0; k0 ¼
x
cSH
R ð12Þ
where k0 is the dimensionless wave number. This num-
ber characterizes the wave propagation pattern in the
half space and will be further discussed. The relation
between the shear stress and the displacement gradient
in the contact area,
suzðr; 0Þ ¼ G @uðr; 0Þ
@z
ð13Þ
can be rewritten by deﬁning a dimensionless stress
s0uz=suz/G
* as follows
s0uzðr0; 0Þ ¼ @u0ðr0; 0Þ
@z0
ð14Þ
The solution of the Bessel-type diﬀerential equation 12
can be obtained using the Hankel transform (Abramo-
witz and Stegun 1972), deﬁned in Eq. 15
f n; zð Þ ¼ H1 f r; zð Þ; n½  ¼
Z1
0
f r; zð ÞrJ1ðnrÞdr ð15Þ
where J1 is the Bessel function of ﬁrst kind of the new
Hankel-transformed variable n, which substitutes r.
Functions with the bar symbol f will be now deﬁned in
the Hankel space. Applying the H1 transform to
Eq. 12, the elastodynamic wave equation can be sim-
pliﬁed as
u0ðn0; z0Þ ¼ H1½u0ðr0; z0Þ; n0 ð16Þ
d2u0
dz20
þ ðk20  n20Þu0 ¼ 0 ð17Þ
The solution of Eq. 17, for a wave traveling toward
the half space interior, can be expressed as
u0ðn0; z0Þ ¼ A0ðn0Þeb0z0 ; b0 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n20  k20
q
ð18Þ
where A0(n0) must be determined from the boundary
conditions, and the term b0 contains the information on
the material properties. The boundary conditions in
Eqs. 10 and 11 can be now expressed also using Hankel
transform and dimensionless quantities:
u0ðr0; 0Þ ¼ H1½uðn0; 0Þ; r0 ¼ h0r0; 0\r0  1 ð19Þ
s0uzðr0; 0Þ ¼ H1 duðn0; 0Þ
dz0
; r0
 
¼ 0; r0 > 1 ð20Þ
Substituting the general solution of Eq. 18 in Eqs. 19
and 20, the following pair of dual integral equations
describes the problem:
H1 A0ðn0Þ; r0½  ¼ h0r0; 0\r0  1 ð21Þ
H1 b0A0ðn0Þ; r0½  ¼ 0; r0 > 1 ð22Þ
The solution A0(n0) of the integral Eqs. 21 and 22 can be
found, as proposed by Gladwell (1980), introducing a
new function Y0(x0), using the Fourier sine transform
Fs:
W0ðx0Þ ¼ Fs½b0A0ðn0Þ; x0 x0  10 x0 > 1

ð23Þ
Fs½f ðtÞ; x ¼
ﬃﬃﬃ
2
p
r Z1
0
f ðtÞ sinðxtÞdt ð24Þ
The problem of a torsional vibrating source on a vis-
coelastic half space, for the case of a linear displacement
ﬁeld in the contact area, is then reduced to the following
set of Fredholm integral equations of the second kind
(Gladwell 1980):
ﬃﬃﬃ
2
p
r
h0x0 ¼ W0ðx0Þ þ
Z1
0
W0ðx0ÞM0ðx0; y0Þdy0 ð25Þ
M0ðx0; y0Þ ¼ 2p
Z1
0
n0ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n20  k20
q  1
2
64
3
75 sinðn0y0Þ sinðn0x0Þdn0
ð26Þ
Equations 25 and 26 can be solved representing the
unknown function Y0(x0) as a ﬁnite series of normalized
Legendre Polynomials (Dorn 1980). Once Y0(x0) has
been determined, A0(n0) is found using inverse Fourier
sine transform. From the Hankel-transformed dis-
placement of Eq. 18, the displacement in the entire half
space is ﬁnally obtained by integration:
u0ðr0; z0Þ ¼ H1 u0ðn0; z0Þ; r0½ 
¼
Z1
0
A0ðn0Þn0e
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ
n20k20
p
z0J1ðn0r0Þdn0 ð27Þ
The dimensionless stress in the contact area can be
determined from Y0(x0) as
s0uzðr0; 0Þ ¼ H1½Fs½W0ðx0Þ; n0; r0 ð28Þ
682
The torsional radiation pattern and the torsional
mechanical impedance of the medium can be determined
for given values of the material parameters G1 and G2
for each excitation frequency. Calculations were per-
formed usingMatlab (The MathWorks). In Fig. 6, three
examples of the radiation pattern generated by a tor-
sional vibrating source are shown. Colors indicate the
amplitude of the azimuthal displacement. The radiation
pattern depends on the complex shear velocity cSH, the
exciting angular frequency x and the radius of the
contact area R, which deﬁne the dimensionless complex
wave number k0
k0 ¼ xﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
G=q
p R ¼ xﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃjGj=qp R
 !
ej
d
2 ¼ jk0jejd2 ð29Þ
where the exponential notation for G* has been used.
This number characterizes the wave propagation
pattern. For stiﬀ materials at low frequencies, wave
propagation in radial direction is observed (Fig. 6a,
where |k0|=0.5) . For soft tissues and relatively high
frequencies, |k0| assumes values higher than 3, leading to
waves propagating mainly in z-directions, toward tissue
interior (Fig. 6b, with |k0|=4, and Fig. 6c, with
|k0|=20). The attenuation of the SH waves within the
half space is determined also by the phase angle d of the
complex shear modulus. The plots in Fig. 6 correspond
to d=0.1. Typically, stronger viscous components
characterize the response of biological tissue, so that the
amplitude of displacement decreases by one order of
magnitude outside a layer of 3 to 4 times the oscillator
Fig. 6 Example of wave propagation patterns: amplitude of uu
with |k0|=0.5, 4 and 20, respectively, and d=0.1. Calculations for
1,300 Hz
b
0 1 2 3 4 5
τϕz  
0 1 2 3 4 5
r/R
r/R
|k0|=4 
z=0      
|k0|=4 
z=0      τrϕ  
Fig. 7 Calculated shear stresses at z=0 for a medium with |k0|=4,
d=0.1 at 1,300 Hz
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diameter 2R. Therefore, the half-space model can be
used for samples, in which the distance between radiat-
ing source and sample boundaries are in the range of 1–
2 cm.
Figure 7 shows the components suz and sur of the
stress vector at the tissue surface (z=0) for a calculation
with |k0|=4. The analytical solution leads to a stress
singularity in correspondence of the external limit of the
contact region r ﬁ R. Sliding in the contact region must
be prevented in order to reproduce in the experiment the
boundary conditions assumed for the analytical model.
The vacuum clamping adopted in the TRD device was
designed to fulﬁll this condition. Measurements of the
velocity ﬁeld at the surface of a biological tissue sample
were carried out in the vicinity of the resonator in order
to verify the reliability of the non-slip assumption.
Retro-reﬂecting spheres were distributed on the sample
surface and the azimuthal velocity ﬁeld determined by
laser interferometry. Figure 8 shows that the velocity
ﬁeld predicted using the analytical model (with non-slip
condition) agrees to a great extent with the measured
values, whereas signiﬁcant deviations are found with
respect to a calculation assuming free sliding for the
region 0.9 < r/R < 1 and 0.95 < r/R < 1. These re-
sults support the validity of the model assumption.
Interaction with the resonator and parameter
extraction
By solving the analytical problem, the torque exerted by
the soft tissue on the resonator can be expressed as a
function of the material parameters. We assume that the
density q of the tissue is known. Thus, the changes in the
dynamic behavior of the resonator (the increase in
damping and the resonance frequency shift) can be
linked to the viscoelastic properties of the tissue. This is
obtained by evaluating the complex transfer function of
a torsional resonator, clamped at one end and subjected
to the calculated torque from the soft tissue at the other
end. The relationship between the material parameters
G1, G2 and the measured parameters Q and Dfres is
determined. Figures 9 and 10 exhibit these relationships
for the ﬁrst resonance frequency. The mapping process
allows obtaining the mechanical parameters of the tissue
sample almost on-line.
Characterization of synthetic materials
The TRD technique has been applied for testing syn-
thetic material. The main purpose of these experiments
was to analyze the repeatability and assess the reliability
Fig. 8 Velocity ﬁeld measured on the surface of a bovine liver
sample with laser interferometry (experiment shown above right).
Measurements are compared with the prediction of the analyti-
cal model assuming non-slip condition, sliding for the region
0.9 < r/R < 1 and sliding for 0.95 < r/R < 1
0
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Fig. 9 Quality factor in function of G* for the ﬁrst resonance
frequency (1,300 Hz)
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Fig. 10 Resonance frequency shift in function of G* for the ﬁrst
resonance frequency (1,300 Hz)
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of the proposed method. To this end, the viscoelastic
properties determined from the TRD tests are compared
with the results obtained with wave propagation exper-
iments on rod-like samples.
The materials used for these tests and their main
characteristics are reported in Table 1. We have ana-
lyzed a relatively soft elastomer and a silicone with
stiﬀness properties similar to those of soft biological
tissues. The silicone used here has been previously
investigated (Ottensmeyer 2002; Kalanovic et al. 2003)
at lower frequencies (up to 10 Hz).
TRD tests
A cube specimen (side length: 60 mm) was available for
testing the elastomer and a cylindrical specimen (diam-
eter 60 mm, height 60 mm) for the silicone. The TRD
device has been placed in the center of a ﬂat face. Laser
interferometer measurements were performed during the
experiments at the other faces of the specimen and no
displacements could be detected. This was expected, due
to the relatively high-loss factors of these materials. This
conﬁrms that these testpieces can be modeled as a semi-
inﬁnite medium.
The tests with the TRD were conducted according to
the procedure described above. The repeatability of
TRD measurements have been investigated with multi-
ple tests on the same testpiece. The results for the tests at
the ﬁrst resonance frequency (1,300 Hz) on the elasto-
mer are reported in Fig. 11, which shows the measured
values of Q and Dfres. Measurements were repeated three
times in four diﬀerent locations, identiﬁed by the letters
A, B, C and D. The material is assumed to be homo-
geneous so that the scatter is evaluated from the results
of all locations. The resulting standard deviation for Q
and Dfres are 0.8% and 1.3% of the respective mean
values, leading to the scatter of the calculated values of
|G*| and G2/G1 shown in Fig. 12, that correspond to a
Gauss distribution with standard deviation r of 1.1%
and 1.0%, respectively. Similar results in terms of
standard deviations were obtained with the elastomer
sample at the other frequencies. Standard deviations of
up to 2% were obtained for |G*| and G2/G1 when testing
the silicone sample.
Wave propagation tests
The viscoelastic properties of the synthetic materials
have been measured with an alternative method for
comparison with the TRD technique. Standard rheom-
eter or quasi-static uniaxial tests cannot be used for this
purpose since the strain rate in these tests is in a much
lower frequency range with respect to TRD. In order to
achieve higher testing frequencies wave propagation
experiments have been performed on rod-like testpieces
of elastomer and silicone.
The time of ﬂight of longitudinal waves were mea-
sured along the axis of samples with a squared cross
section of 9·9 mm2 and a length of 50 mm. The elas-
tomer sample was directly extracted from the cube
specimen used for the TRD experiments, while the sili-
cone one was prepared with a mold. The experimental
set-up is shown in Fig. 13. A piezo-transducer (Ferro-
perm, Pz27) was glued at one extremity of the bar and
was used to excite longitudinal wave pulses. Displace-
ment due to lateral contraction was measured with a
laser interferometer (Polytec OVF5000): for this pur-
pose, the lateral surfaces of the sample have been pain-
ted with reﬂecting color. The laser beam was placed at
diﬀerent points along the sample axis using a positioning
system (Newport, IMS600) with high resolution (uni-
directional repeatability 1.25 lm).
The real part of the complex longitudinal modulus,
the storage modulus E1, can be determined from the
Table 1 Synthetic materials
Sample Material Manufacturer Density [g/cm3]
Elastomer UK-IIHC/20 ShA Kundert 1.2
Silicone 3070 RTV6166 two-parts silicone gel 30%A 70%B GE silicones 0.98
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Q 
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Fig. 11 Repeatability test on elastomer (1,300 Hz). Results for
multiple tests on diﬀerent locations (A, B, C, D) are reported
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measured wave propagation velocity. The information
on the loss angle d (or, equivalently, on the loss modulus
E2) has to be inferred from an evaluation of the ampli-
tude decay of the wave pulse along the sample. The
quality of the measured displacement signals however
did not allow quantifying the displacement amplitude
with suﬃcient precision, so that the loss angle d could
not be measured.
Narrow band longitudinal wave pulses were excited
in the bar at diﬀerent frequencies. For the evaluation at
higher frequencies (small wave length) corrections from
the lateral contraction have to be considered in the
relationship between longitudinal wave speed and E1
(Graf 1991). The structural (longitudinal) wave model is
not valid for ratio of wavelength to lateral dimension
(polar radius of inertia of the cross section) smaller than
1. For the materials and the samples considered here this
limitation leads to an upper limit for the frequency of
approximately 3,500 Hz for the elastomer and 1,500 Hz
for the silicone. This frequency range allows comparing
results for the ﬁrst resonance frequency of the TRD
tests. Results for the elastomer and silicone are reported
in Figs. 14 and 15. In order to validate the results at
higher frequencies, the lateral dimensions of the rod
sample should be reduced, this being very diﬃcult due to
the handling and manufacturing problems, in particular
for the silicone beams.
With the elastomer rod sample the ﬁrst two longitu-
dinal resonance modes were excited using a harmonic
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Fig. 13 Set-up for wave propagation experiments with a rod-like
sample of synthetic material
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Fig. 14 Characterization of the elastomer: comparison between
results obtained with wave propagation, resonance tests, and TRD
Fig. 12 Gaussian distribution of |G*| and G2/G1 from the data of
Fig. 11. jGj and G2=G1 indicate mean values and r is the
corresponding standard deviation
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signal. Higher resonance modes could not be excited,
due to high damping. The viscoelastic moduli of the
elastomer sample were extracted for the measured res-
onance frequencies and the corresponding values are
reported in Fig. 14. No resonances were detected with
the silicone sample due to the high-material damping.
Comparison
From the wave propagation tests the longitudinal stor-
age modulus E1 have been determined. Incompressibility
has been assumed for these materials (Treloar 2005),
m=0.5, leading to
G1 ¼ E1
2ð1þ mÞ ¼
E1
3
ð30Þ
With this equation the corresponding values of E1 were
calculated from the TRD measurements of G1 to enable
a direct comparison with the wave propagation experi-
ments, shown in Figs. 14 and 15. An increasing trend of
E1 with frequency is shown from the results of both
techniques, while the values found on silicone at low
frequency agree with the results in literature with the
ROSA)2 and TeMPeST)1D devices by Kalanovic et al.
(2003). For 1,300 Hz (the ﬁrst resonance frequency of
the TRD) the results agree to a great extent: the values
diﬀer by only 5% and 16% for the elastomer and sili-
cone, respectively. Diﬀerences might be attributed to
experimental errors, but the larger discrepancy for sili-
con might be caused by the fact that the sample was not
extracted from the same specimen of the TRD tests but
prepared in a subsequent step: although the silicon gel
components were mixed in same proportion and
according to the same procedure, slight diﬀerences in the
gel composition cannot be excluded.
Characterization of soft biological tissue
The TRD technique was applied for testing bovine or-
gans ex vivo. Adult bovine liver, kidney and uterus
samples, obtained from the local abattoir, were tested at
ambient temperature. In contrast to synthetic materials,
soft tissues are inhomogeneous, can be composed of
diﬀerent layers (e.g., membranes which cover internal
organs), are highly inﬂuenced by humidity (dehydration)
and do not have a regular geometry. The consequences
of these characteristics on the TRD experiments are
analyzed with the present test series.
Repeatability
Figure 16 shows the results of the measurements on
bovine liver in terms of Q and Dfres. Measurements were
performed at the external surface of the organ so that
the TRD was in contact with the external membrane
(called capsule) that covers the liver. The ﬁrst TRD ei-
genfrequency (1,300 Hz) was considered in this analysis.
A series of measurements were performed on the same
organ at diﬀerent locations, identiﬁed by the letters A, B,
C, D, E, and F. Three measurements have been per-
formed within short time intervals at each location.
Q factors are in the order of 2,400 with a standard
deviation over all measurements of 12%. Very small
variations are observed for the resonance frequency. As
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Fig. 15 Characterization of the silicone: comparison between
results obtained with wave propagation and TRD. Low-frequency
results obtained with the devices ROSA)2 and TeMPeST)1D by
Kalanovic et al.(2003) are reported
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Fig. 16 Repeatability tests on bovine liver (capsule). Results for
multiple tests at diﬀerent locations (A–F) are reported
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a consequence, the standard deviation over all mea-
surements is over 100% for Dfres. The corresponding
scatter of the calculated values of |G*| and G2/G1 is
shown in Fig. 17a, b, that correspond to a Gauss dis-
tribution with standard deviation of 29 and 42%,
respectively.
In order to eliminate variability from location to
location, the |G*| and G2/G1 values of each location were
normalized with respect to the location speciﬁc averages.
The standard deviation of the normalized values
(|G*|)NORM and (G2/G1)NORM is 13% and 38%, respec-
tively, leading to the distributions shown in Fig. 17c, d.
This variability has to be attributed to the uncertainties
of the experimental procedure and will be further dis-
cussed.
Figure 18 shows the time evolution of |G*| for TRD
measurements performed at one single location at
1,300 Hz over a time range of 4 h. The organ was ex-
posed to air in ambient conditions. The strong increase
in stiﬀness is caused by tissue alterations due to dehy-
dration and oxidation.
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Experiments with diﬀerent bovine organs
In addition to liver capsule, liver interior (measurements
at a sectioned surface), kidney, and uterus were inves-
tigated. Table 2 shows mean values and standard devi-
ations of |G*| and G2/G1 obtained at 1,300 Hz. Five test
(at ﬁve diﬀerent locations) were performed on the same
organ. Larger variability is observed for the uterus,
which reﬂects the inhomogeneity of the organ. On the
other hand, kidney show a relatively low scatter.
Frequency dependence
Performing experiments at the diﬀerent eigenfrequencies
of the resonator, the frequency dependence of the
material behavior can be investigated. Results are re-
ported for the ﬁrst, the third, the fourth and the ﬁfth
TRD eigenfrequency. The second eigenfrequency of the
torsional oscillator is very close to a bending mode so
that excitation of a pure torsional vibration could not be
achieved.
The measured values of the shear modulus |G*| on
bovine liver are shown in Fig. 19, which includes the
results for the liver capsule and for an internal section of
liver. The comparison highlights the stiﬀening eﬀect of
the capsule. Five tests (at ﬁve diﬀerent locations) were
performed on the same organ and the corresponding
variability is indicated in Fig. 19 by error bars, corre-
sponding to an interval of ±r.
In Fig. 20, the results for kidney and uterus are re-
ported. The larger scatter of uterus measurements is
conﬁrmed also at higher frequencies. Higher repeat-
ability was observed when testing kidney.
Discussion
The reliability of the TRD experimental procedure and
the analytical model are supported by the agreement of
the results from TRD measurements and wave propa-
gation experiments, as well as by the high repeatability
of the TRD measurements with synthetic materials. A
validation of the TRD method over a larger range of
frequencies and material properties require dynamic
experiments that are not easily performed with soft,
highly damped materials. Several diﬃculties were
Table 2 TRD results on bovine organs at 1,300 Hz
Sample jGj [Pa] rjGj [Pa] G2=G1 rG2=G1
Liver (capsule) 19,942 5,743 0.597 0.253
Liver (internal) 6,828 1,183 0.470 0.142
Kidney 6,767 1,076 0.484 0.113
Uterus 5,912 2,079 2.856 0.493
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Fig. 19 TRD measurement results on bovine liver: capsule and
internal liver section. Five tests were performed at diﬀerent
locations for each resonance frequency. The error bars correspond
to an interval ± standard deviation
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Fig. 20 TRD measurement results on bovine kidney and uterus.
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encountered when performing wave propagation
experiments at high frequencies related to (1) sample
preparation, (2) problems in handling very soft slender
rod-like samples, (3) strong amplitude decay, in partic-
ular at high frequencies, leading to poor accuracy in
displacement measurements. These problems high-
lighted the advantages of the TRD technique, for which
no speciﬁc sample geometry is required, testing and data
analysis is simple, fast and accurate, and rheological
properties can be easily obtained for frequencies up to
10 kHz.
Multiple TRD experiments with synthetic materials
with |E*| values larger than 100,000 Pa led to very high
repeatability, with standard deviations as low as 1%
with respect to the mean values of |E*| and E2/E1. The
repeatability was signiﬁcantly less in the experiments
with soft biological tissue. The relatively large scatter
obtained from measurements on liver at diﬀerent loca-
tions (with standard deviation of 29% and 42% of the
mean values of |G*| and G2/G1) is not surprising when
compared to published experimental data on biological
tissue (see e.g., Carter et al. (2001); Nava et al. (2004);
Snedeker et al. (2005)). One important inﬂuential factor
of this variability is the non-uniformity of the tissue, so
that diﬀerent responses are obtained at diﬀerent loca-
tions in one organ. The results of Fig. 20, with signiﬁ-
cantly larger scatter for uterus, are related to larger non-
uniformity of the uterus with respect to kidney.
The variability of the normalized (|G*|)NORM and
(G2/G1)NORM values for liver (Fig. 17c, d) however is
due to the uncertainty of the experimental procedure.
The corresponding standard deviations for (|G*|)NORM
and (G2/G1)NORM, 13% and 38%, respectively, are rel-
atively large. Larger variability of G2/G1 is due to the
fact that both Q factor and Dfres are more sensitive to
variations in |G*| than to variations in G2/G1, see Figs. 9
and 10, so that uncertainties in Q factor and Dfres have
more inﬂuence on G2/G1.
Larger scatter in both |G*| and G2/G1 of liver with
respect to synthetic materials can be mainly attributed to
the uncertainties in the determination of Dfres. As shown
in Fig. 10, Dfres values of less than 0.1 Hz are expected
for a material with |G*| lower than 50,000 Pa (as for the
liver). This means that the resonance frequency in cali-
bration and measurement run has to be determined with
very high accuracy.
The phase stabilization loop allows determining the
resonance frequency with an accuracy of 10)6 in the
present implementation (corresponding to about
0.001 Hz for the ﬁrst TRD resonance frequency). The
resonance frequency of the torsional resonator however
is subjected to a larger variability, mainly due to the
inﬂuence of temperature. At 1,300 Hz the standard
deviation of a series of calibration runs (without contact
with the tissue sample) is approximately 0.02 Hz. This
variability corresponds to temperature ﬂuctuations in
the order of 0.1C. Using the analytical model and
assuming a material with G2/G1=0.5, the error in the
determination of |G*| and G2/G1 due to a variation of
Dfres of ±0.02 Hz can be calculated. The resulting errors
are shown in Fig. 21 for diﬀerent values of |G*|. The
curves show that: (1) the error in G2/G1 is always larger
than the error in |G*|; (2) for values of |G*| in the range
of 105 ) 106 Pa (synthetic materials) errors are small; (3)
errors increase with lower values of |G*|. For |G*| in the
range of 104 Pa (as in the case of liver) errors are in the
range of 6% and 45% for |G*| and G2/G1, respectively.
This error source represent therefore a signiﬁcant con-
tribution to the scatter of (|G*|)NORM and (G2/G1)NORM
obtained with the liver sample.
In addition to the above considerations, larger
uncertainties aﬀect the measurement when testing bio-
logical tissue with respect to synthetic materials, and are
due to: (1) possible dependence of the mechanical re-
sponse on the loading history (non-linear viscoelastic
behavior); (2) the irregular shape of the sample surface
which inﬂuences the contact area, with localized normal
forces arising which are possibly not detected by the
balance reading; (3) the tissue alterations due to dehy-
dration leading to change of properties with time (see
Fig. 18). The observed tissue alteration with time high-
lights the diﬃculties related to ex vivo biomechanical
experiments, with the biological tissue changing its
mechanical response when extracted from the natural
biochemical environment.
The results of Figs. 19 and 20 show an increase of
|G*| with frequency. This is in agreement with the results
on soft internal organs described for lower frequencies
by Nasseri et al.(2002), 0.01–10 Hz, by Kruse et al.
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an uncertainty of the resonance frequency measurement
d(Dfres) = ±0.02 Hz. A value of G2/G1=0.5 has been assumed
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(2000) and Manduca et al.(2001), 50–300 Hz. Figure 19
allow comparing |G*| at the external surface with |G*| in
the liver interior. The diﬀerence is signiﬁcant and is due
to the relatively stiﬀ membrane (capsule), which inﬂu-
ences to a great extent the results of the test.
As explained in Sect. 3, characterization of the rhe-
ological tissue properties can be obtained with the
present technique only for homogeneous tissues. The
measurements at the liver capsule could be used in
combination with the characterization of the liver inte-
rior for determining the properties of the capsule. To
this end, the analytical model is currently being extended
to a two layer material (according to the procedure
proposed by Dorn (1980)). The complex shear modulus
of the capsule could be obtained from a combination of
the results of surface and liver interior experiments.
Conclusions
A novel method has been proposed for determining the
rheological properties of soft tissues in the frequency
range 1–10 kHz. The procedure is fast (results for each
frequency are obtained in approximately 1 min) and
provides a local measurement, with a tissue volume of
approximately 1 cm3 inﬂuencing the outcome of the test.
The complex shear modulus is determined from the
experimental data with an analytical model.
First results for the validation of the proposed tech-
nique are provided by comparative measurements on
synthetic materials. The results of tests on bovine organs
demonstrate the suitability of the experimental proce-
dure for characterization of biological tissues.
The repeatability tests have shown that high accuracy
can be expected from experiments with materials in the
range |G*|105–106 Pa. Thus, this technique can be
useful for characterizing soft polymers at frequencies up
to 10 kHz with the advantage of simple and fast testing
and data analysis.
Large scatter has been observed for biological tissue,
being the stability of the resonance frequency the main
error source. Future work will focus on possible reduc-
tion in the variability of the TRD resonance frequency.
The resulting uncertainties in rheological properties,
however, seem to be acceptable when compared to the
scatter in the results of other testing methods and to the
inherent variability of mechanical properties within soft
organs.
Insight in the mechanical response of soft biological
tissue is provided by the experiments presented here: (1)
measured values of |G*| are in the range of 104–105 Pa;
(2) for all organs |G*| increases with frequency; (3) the
capsule has a signiﬁcant stiﬀening eﬀect on the
mechanical response at the liver surface; (4) dehydration
leads to signiﬁcant changes in tissue rheological prop-
erties.
The TRD measurements results are used in our work
for determination of constitutive models and, for this
purpose, they are combined with quasi-static large
deformation measurements with the aspiration device
(see Nava et al. (2004)) leading to a characterization of
the material behavior over a wide frequency range.
One signiﬁcant limitation of the present experiment
and analysis technique is represented by the fact that
characterization of the rheological properties of bio-
logical or synthetic tissues can be obtained only for
homogeneous and isotropic samples. An extension of
the present modeling approach (using analytical and
numerical methods) is currently being developed which
will allow studying the inﬂuence of anisotropy and
inhomogeneity on the interaction between sample and
resonator.
Applications of the TRD technique in diagnostics will
be explored in future work. No damage is caused by the
experiment so that this method could be applied in vivo
on human organs: during surgical interventions or organ
inspections a local measurement of rheological proper-
ties could help distinguishing between healthy and un-
healthy tissue. Current developments toward in vivo
applications include: (1) a support and positioning sys-
tem for the TRD device for use in the operation room;
(2) a load cell to ensure zero normal force during mea-
surements; (3) a computer algorithm for on-line extrac-
tion of viscoelastic parameters from the measured values
of Dfres and Q.
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